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activity of core components of the cell death machinerySurvival Signaling Goes BAD
(reviewed by Datta et al., 1999). The proapoptotic BCL-2
family member BAD was the first cell death component
to be identified as a regulatory target of survival signal-
ing (Zha et al., 1996). Active (unphosphorylated) BAD
Work published in this issue of Developmental Cell induces apoptosis by inhibiting antiapoptotic BCL-2
demonstrates, in vivo, that the proapoptotic gene BAD family members, such as BCL-XL, thereby allowing two
provides a genetic link between the cell death machin- other proapoptotic members, BAK and BAX, to aggre-
ery and survival signaling. This work has implications gate, inducing the release of cytochrome c, caspase
for development, tissue homeostasis, and tumori- activation, and apoptosis (Cheng et al., 2001; Wei et al.,
genesis. 2001). In cell culture experiments, the addition of survival
factors correlated with the phosphorylation of BAD on
It is now widely accepted that programmed cell death, or Ser-112, Ser-136, and Ser-155, resulting in the binding
apoptosis, is a normal feature of metazoan development of BAD to 14-3-3 proteins as an inactive complex (Datta
and tissue homeostasis. A common principle for the et al., 1997; del Peso et al., 1997; see Figure). Thus, BAD
development of tissues and organs appears to be the is no longer bad.
initial generation of an excess of cells prior to cell fate Although the phosphorylation of BAD provided an ele-
determination, after which surplus cells are removed gant mechanism of survival signaling, there was one
by apoptosis. Many examples illustrate this principle major caveat: all experiments were performed in cell
throughout the animal kingdom. In C. elegans, 131 of culture or in vitro. The physiological significance of BAD
the 1090 somatic cells die during the development of phosphorylation for cell survival in the context of a multi-
an adult hermaphrodite. During Drosophila eye develop- cellular organism was not clear. Datta et al. (2002) have
ment, after assembly of the ommatidial units, all surplus now closed this gap in a paper published in this issue
cells are eliminated by PCD. A very extreme case of cell of Developmental Cell. Using a knockin strategy, these
loss is observed during development of the vertebrate authors generated mutant mice, BAD3SA, in which the
CNS, where about 50% of all neurons and other cell three regulatory serine residues of BAD were changed
types die by apoptosis (Jaccobson et al., 1997). to alanine. Thus, the BAD3SA mutant is unresponsive to
Whereas tremendous progress has been made in un- regulatory phosphorylation by survival signaling and
derstanding the mechanisms of cell death execution, it provides a genetic tool to analyze the requirement of
is less clear how the live-or-die decision is regulated. phosphorylation of endogenous BAD for the develop-
The “trophic theory of neuronal survival” has been devel- ment and survival of the whole animal.
oped to understand the massive neuronal cell death It is remarkable that Datta et al. undertook this en-
during vertebrate development and was later extended deavor. Since the BAD3SA mutant is unresponsive to
to include most, if not all, animal cells (reviewed in Op-
survival signaling, it could have functioned as a domi-
penheim, 1991; Raff, 1992). The theory assumes that
nant allele, inducing lethality even in a heterozygous
the survival of neurons depends on extracellular survival
condition because of the lack of appropriate control
factors, such as the neurotrophin NGF secreted by the
of apoptosis. Surprisingly, however, even homozygoustarget cells that the neurons innervate. Because survival
BAD3SA/3SA mice are viable without gross abnormalitiesfactors are produced in limiting amounts, neurons com-
and were obtained at the normal Mendelian ratio. Dattapete for them, and only neurons that project to their
et al. showed that this is, at least in part, due to theappropriate target receive the trophic support they need
fact that other cell death-inducing factors, such as thefor survival. In this way, the likelihood increases that all
Forkhead transcription factor FOXO3a, are still targetstarget cells become innervated.
of survival signaling. However, closer inspection ofAs a consequence, the trophic theory predicts that
BAD3SA/3SA animals revealed that prolymphocytes of theevery neuron contains an intrinsic cell suicide program.
T cell and B cell lineage are reduced in number becauseFurthermore, Raff and colleagues put forward the ex-
of the inability of interleukin-7 to induce phosphorylationtreme view that the suicide program operates by default
and inactivation of BAD3SA. The survival of certain neu-unless it is suppressed by survival factors (Raff, 1992).
ronal cell populations was found to be dependent onThis view is counterintuitive, as it implies that every
survival factor-mediated phosphorylation and inactiva-neuron is programmed to die unless it is signaled by
tion of BAD. Furthermore, BAD3SA/3SA animals are hyper-other cells not to do so. However, this “social control”
sensitive to cell death—inducing stimuli such as sys-of cell survival ensures the functional integrity of a given
temic activation of the Fas cell death pathway andtissue or organ by matching the number of different
exposure of the mice to  irradiation.cell types to each other (Raff, 1992). Importantly, it also
A major contribution of this paper is the demonstrationimplies that there are physiological mechanisms that
that the phosphorylation of endogenous BAD by survivalprevent cells from dying by interfering with the intrinsic
kinases is necessary to raise the threshold at whichcell death program.
mitochondria release cytochrome c in response to apo-How survival factors inactivate the cell suicide pro-
ptotic stimuli. In this way, BAD phosphorylation servesgram is currently the subject of intensive research. It
as a sensor for survival signaling and determines theis generally believed that survival factors induce the
level of apoptotic input a cell has to be exposed to inactivation of specific antiapoptotic kinases, including
Akt, Rsk, PKA, p70S6K, and PAK, which modulate the order to undergo apoptosis. Thus, Datta et al. provided
Developmental Cell
608
Survival Signaling via BAD Phosphorylation
Growth factor-dependent BAD phosphoryla-
tion regulates the cellular response to envi-
ronmental stress by setting the threshold for
cytochrome c release from the mitochondria
into the cytoplasm. Cells in which BAD is
phosphorylated are more resistant to intrinsic
and extrinsic cellular stress. (Illustration cour-
tesy of Janine Zieg, Children’s Hospital,
Boston.)
elegant genetic proof that phosphorylation of endoge- Andreas Bergmann
Department of Biochemistry and Molecular Biologynous BAD is an essential mechanism of survival factor-
mediated inhibition of apoptosis. The University of Texas MD Anderson
Cancer CenterThis work sets the stage for a new line of research.
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Second, BAD has been shown, in vitro and in cell culture,
Cheng, E.H., Wei, M.C., Weiler, S., Flavell, R.A., Mak, T.W., Lindsten,to be phosphorylated by multiple survival-promoting ki-
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nases. However, whether the phosphorylation of BAD
Datta, S.R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., and
by these kinases is physiologically relevant is unknown. Greenberg, M.E. (1997). Cell 91, 231–241.
Datta et al. discuss that the phenotypes of Akt1/ and
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Thus, comparison of the knockout phenotypes of other C.W., Dikkes, P., Korsmeyer, S.J., and Greenberg, M.E. (2002). Dev.
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mine the physiological significance of BAD phosphoryla- del Peso, L., Gonzalez-Garcia, M., Page, C., Herrera, R., and Nunez,
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a tool to address questions ultimately related to malig- Jacobson, M.D., Weil, M., and Raff, M.C. (1997). Cell 88, 347–354.
nancy. For instance, oncogenic activation of the Akt Oppenheim, R.W. (1991). Annu. Rev. Neurosci. 14, 453–501.
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brane proteins. Their results suggest that these poten-Protein Origami for Beginners
tially competing processes are regulated in surprising
ways and reveal novel insights into the mechanisms
by which proteins are assembled into membranes.
The most obvious consequence of cotranslational pro-In the October issue of Molecular Cell, Kowarik et
al. examine cotranslational translocation and folding tein folding is that the folding pathway of a protein is
largely determined by the initial folding of its amino ter-during the synthesis of secretory and integral mem-
